Background Reconstruction of the central aortic pressure wave from the non invasive recording of the radial pulse with applanation tonometry has become a standard tool in the field of hypertension. lt is not presently known whether recording the radial pulse on the dominant or the nondominant side has any effect on such reconstruction.
Introduction
It is now widely recognized that the pulsatile component of arterial blood pressure plays a major pathogenetic role in the development of cardiovascular diseases, and that an abnormally high pulsatility, manifested by elevation of systolic and/or differential (pulse) pressure bears a strong relationship to ultimate outcome [1-4]. Regarding major target organs such as the heart and brain, the relevant pulsatility is that of central aortic pressure [5] , which may substantially differ from its peripheral counterpart measured at the brachial level, due to the phenomenon of pulse wave amplification. [6] . Pulse wave amplification is mainly due to the existence of pressure waves generated by reftections in the periphery, which travel backwards along the arterial tree towards the aortic root, th us superimposing to the forward travelling pressure wave generated by left ventricular ejection [6] . The link between pulsatility of central blood pressure and the development of cardiovascular disease involving the heart and brain is novv supported by a string of recent longitudinal studies. [4, [7] [8] [9] [10] [11] [12] [13] [14] . Therefore, there is now great interest for the noninvasive estimation of central systolic and pulse pressure, which seems to be possible with either carotid or radial tonometry. Due to proximity of the former vesse! to the aortic arch, the shape of the carotid pulse is an acceptable surrogate to the central waveform, but carotid tonometry presents with some technical difficulties. ln contrast, radial tonometry is easily carried out, but the radial substantially differs from the central pulse. 1/ arteriosclerosis, which usually spares arteries of the upper Iimb. Thus it was possible to define a unique mathematical operation (generalized transfer fonction), which allowed transforming the radial pulse -recorded tonometricallyinto a reasonable approximation to its central counterpart [15, 16] .
lt has been underscored that the reconstruction of the aortic from the radial pulse is only valid to an approximation [16] . Because transfer fonctions may indeed differ somewhat between individuals, the method does not necessarily provide an exact replica of an individual central waveform. ln studies of large collectives however, such errors will tend to average out, unless some form of bias is also present. A numerical simulation of arterial pressure pulse propagation in the upper limb of humans has indicated that the transfer fonction may be rather sensitive to changes in the terminal Joad [17] , determined in large part by resistance vessels where most of the reflections occur. The bulk of these vessels reside in skeletal muscle, which is systematically more developed in the dominant, in comparison with the nondominant arm. Thus, a systematic effect of laterality on the transfer fonction is conceivable. lt is noteworthy that this possible source of bias has never been addressed experimentally, and that most studies using radial tonometry do not even mention. the laterality of measurement.
Here, we have carried out a comparison of radial and derived central arterial pressure waveforms obtained from applying the tonometer to the dominant vs. the nondominant side in two groups of healthy men, one composed of sedentary individuals, and the other of highlevel tennis players. Because the regular practice of tennis induces a large asymmetry of upper limb muscular development, we expected that any effect of laterality on the shape of the radial pulse would be magnified in the latter group.
Methods lndividuals
Two groups of young (20-35 years) healthy men were enrolled. Eleven individuals declaring no regular physical activity beyond that required by daily life were considered sedentary and constituted the sedentary group. The tennis group composed of 10 athletes who had been practicing tennis at regional or national competition level for the last 5 years. Recruitment was by advertisement. Exclusion criteria, based on medical history and summary clinical examination, included al! of the following: current smoking, obesity, hypertension, diabetes, hyperlipemia, Raynaud disease, upper limb injury in the last 6 months, and intake of any drug. The study was approved by the Ethical Committee at our institution, and informed consent was obtained in writing from ail individuals.
Measurements
Brachial blood pressure was obtained with oscillometry (Datascope Accutorr lA; MS Cardio-Medical, Bnmnen, Switzerland) by averaging the last two of three readings. Tonometry of the radial artery was carried out in triplicate, using the Sphygmocor device (AtCor Medical, Sydney, Australia) as previously described by our group [18] . 10 s recordings were accumulated until three were available that fulfilled al! quality criteria defined by the manufacturer; that is, a mean pulsatile amplitude of the raw tonometric signal higher than 80 m V, as well as a beat-to-beat variability of pulse pressure and of diastolic pressure Jess than 5% of average pulse pressure. Recordings not fulfilling these criteria were discarded. Arm and forearm circumference was determined with measuring tape. Handgrip strength was obtained with a Jamar dynamometer. Physical fitness was assessed from the maximal oxygen consumption (VOZmax), using the CPX/MAX system (MedGraphhics, St. Paul, Minnesota, USA) and the Wasserman treadmill protocol.
Proto col
The study was carried out between 0800 and 1000 h in a quiet, temperature-controlled examination room, with individuals lying comfortably in the supine position on a hospital bed. Brachial blood pressure was obtained, and then radial tonometry carried out, first on one side and then on the other. The order in which the dominant and nondominant sides were investigated was randomized. After al! tonometric data were recorded, arm diameter, forearm diameter, and handgrip strength were measured on both sides.
Data analysis
To obtain a graphical overview of the influence of experimental conditions on the radial and central arterial pulse waveforms, these were ensemble-averaged and expressed as a percentage of the corresponding pulse pressure as previously described [18] .
From the reconstructed central aortic waveform, the Sphygmocor software calcula tes various indices, including duration of cardiac cycle, duration of ventricular ejection, and systolic augmentation index. Ejection duration is calculated from the radial pulse as the time from the foot of the pressure wave to the incisura. Systolic augmentation of aortic pressure due to reflection (sometimes termed central systolic augmentation index, central systolic Alx) is defined as the pressure difference between the first and the second peaks of the aortic waveform, expressed as a percentage of the aortic pulse pressure. The Buckberg index is the ratio of diastolic to systolic time-aortic pressure integrals; it has been related to the efficiency of myocardial perfusion (which occurs mainly in diastole) [19] . In addition, the deviation of the central waveform from monoexponential decay in diastole was interpreted as due to backwards travelling waves reaching the aorta in that part iCopyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited. of the cardiac cycle [6, 20] . We computed the amplitude of the diastolic reftection wave, as previously described [18] . Briefty, this central diastolic augmentation index corresponds to the maximal distance between the upward convexity seen on the diastolic part of the aortic waveform and a straight line passing through the onset of the incisura and tangent to the last diastolic part of the central waveform (Fig. 1) . Use of straight line was preferred to that of a (theoretically more appealing) single decreasing exponential, because it avoided the potential instabilities that would have been introduced by the need to estimate an unknow asymptote. As in the case of the central systolic Aix, the central diastolic augmentation index is expressed as a percentage of aortic pulse pressure. Finally, we also report the radial systolic augmentation index (radial Aix), as calculated by the Sphygmocor software. The radial Aix is derived directly from the radial waveform, as the ratio of the second to the first systolic peak amplitudes, as described [21] .
Statistical analysis of variables obtained only once in each individual (e.g. demographic data) was carried out with bilateral t-tests. Variables obtained in more than one condition in each subject were analyzed with repeated measures analysis of variance, using a mode! including group (sedentary/tennis), laterality (dominant/nondominant), and the interaction of these factors. When the relevant F statistic was significant, further pairwise comparisons were done using Fisher's protected least significant difference [22] . The alpha level of ail tests was set at 0.05. The data were summarized as mean ± SD.
Results
As shown in Table 1 , the two groups of individuals were matched for age and sex, and sedentary individuals were clearly overweight with respect to tennis players. A higher V02ma;'I: and lower heart rate confirmed the superior physical fitness of the latter with respect to former.
Bilateral upper limb characteristics in the two study groups are shown in Table 2 . In the sedentary individuals, the average circumference ofboth the upper-arm and the forearm was 2% greater on the dominant, as compared with the nondominant side, a difference that reached statistical significance in the forearm only (P < 0.001). As expected, upper limb asymmetry was much larger in tennis players, in whom the average circumference difference between dominant and nondominant sides reached 6%, and was statistically significant not only in the forearm (P < 0.001), but also in the upper arm (P < 0.001). In tennis players, the nondominant upper limb was thinner than in sedentary individuals (P < 0.001), a difference probably related to a higher fat mass in the latter. As expected again, the handgrip strength of tennis players En semble-averaged radial pulse waveforms recorded from the dominant and nondominant arm in the sedentary and tennis groups.
was much larger on the dominant than on the nondominant side (on average by 15 %, P < 0.001), an as ymmetry that was far Jess marked in the sedentary group (3 %, P > 0.1 ). Within groups, the values of oscillometric blood pressure taken on both sides were practically identical. Systolic brachial pressure was similar, and diastolic brachial pressure somewhat lower in tennis players, in comparison with the sedentary individuals.
There was no effect oflaterality on the shape of either the radial or the reconstructed central pressure waveform (Figs 2 and 3) . The systolic part of the aortic waveform was of similar shape and duration in both groups. In contrast, the upper convexity seen in the first half of diastole, interpreted as due to reflection waves reaching the aorta within that part of the cardiac cycle (6, 18] , ap peared more prominent in the tennis players than in the sedentary individuals (Fig. 3) . The longer pulse duration of tennis players ' diastole in comparison with sedentary individuals, which is obvious in Figs 2 and 3 and is consistent with their lower heart rate (Table 1) , appeared due to a selective prolongation of diastole. Ensemble-averaged aortic pulse waveforms, as reconstructed from radial tonometry carried out on the dominant and on the nondominant arm in the sedentary and tennis groups.
Consistent with the pulse shapes shown in Fig. 3 , there was no effect of laterality on any of the pulsatility indices derived either directly from the radial or from the reconstructed central aortic waveforms, whether in the tennis or in the sedentary group (Table 3) . Both the radial and the central systolic Aix were the same in both groups . In contrast, the central diastolic augmentation index was more than 50% larger in tennis players (P < 0.05). These athletes also had a significantly higher Buckberg index (P < 0.01), reflecting both the larger central diastolic augmentation and the longer duration of diastole. As a final note, the larger value of central diastolic augmentation in comparison with central systolic Aix is not amenable to physiologie interpretation, considering the different modes of computation of these two parameters.
Discussion
The main new finding of this study is the identity of radial pulse waveforms recorded with aplanation tonometry on both forearms of the same individual. This identity holds even in the presence of gross asymmetry
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Radial pulses of tennis players Gojanovic el al. 1 621 between the dominant and the nondominant upper limb, as existed in the tennis players. Consequently, the central aortic pressure waveform reconstructed with the use of a generalized transfer function is rabustly independent of the side on which applanation tonometry of the radial artery is performed.
The asymetry of upper limb circumferences noted in the tennis players and, to a lesser degree, also in contrai individuals (Table 2 ) was entirely consistent with values reported in the literature [23, 24] , and vvas in all likelihood related to bilateral differences in mass ofskeletal muscle, due to asymmetrical training, as indicated by the larger handgrip strength of the dominant side.
The possibility that asymmetrical training could cause differences in pulse wave amplification between the dominant and nondominant upper limb arises first because of the known effects of training on the structural and mechanical praperties of conduit arteries. There is ample evidence that the lumen diameter and wall crasssectional area of these vessels both increase with the activity level of the dependent muscle graups [25] [26] [27] [28] , with associated changes in vascular mechanics [24, 28] . These effects are believed to be mediated locally rather than systemically, by the higher shear stress exerted on the arterial endothelium by an augmented blood flow [29] . Accordingly, unilateral endurance training of either the upper or lower limb has been associated with unilateral changes in the morphology and function of the corresponding conduit arteries [24, 27, 28, 30] . ln short, bilateral asymmetry in the geometry and mechanics of upper limb conduit arteries may be expected in the tennis players of the present study, and are also possible, although to a lesser degree, in the contrai individuals whose dominant arm exercises more than does the opposite arm.
Two simulation studies pravide insight into how such differences could affect pulse wave amplification. Karamanoglu et al. [ 17] constructed a numerical mode! of the human upper limb arterial tree and con cl uded that changes of up to 50% in the Young modulus of conduit artery wall (one determinant of arterial compliance) had only a minor impact on the aortic to radial transfer function, translating into no impact at ail on pulse wave amplification. However, this study did not explore effects related to changing vesse! geometry. The latter were addressed by Westerhof et al. [31] . With an analogous appraach, these authors found that a spatially uniform 25 % increase or decrease in the internai diameter of subclavian, brachial and radial arteries would not substantially modify the aortic to radial transfer function below 3 Hz, that is, within the frequency band where most of the pressure wave energy is concentrated at resting normal heart rate. Consequently, such changes in diameter, which exceeded the asymmetry actually observed with unilateral upper limb training [24, 27, 28, 30] , had a negligible impact on the shape of the radial pulse. These simulation results are therefore consistent with the identity of radial pressure waveforms found tn the present study (Fig. 2) .
The second reason why asymmetrical tra1111ng could cause differences in pulse wave amplification between the dominant and nondominant upper limb resides in the effects of exercise on muscle micracirculation. lt is well known that regular activity of muscles pramotes their capillarization [29] . However, the part of micracirculation relevant to pressure transfer along the arterial tree lies upstream from the capillaries, that is in the resistance small arteries and arterioles, believed to be the major site of pressure wave reflection. There is surprisingly little data available on how training affects skeletal muscle vascularization at that level. One might reasonably assume a multiplication of parallel resistance channels commensurate at least to the increase in muscle mass, as found in the myocardium with exercise-induced cardiac hypertrophy [32, 33] . Consistent with this possibility, investigators found the racket arm of tennis players to be 6% larger than the other arm in terms of circumference (as in the present study, Table 2 ), and thus roughly 12% larger in terms of volume, whereas the resting forearm blood flow measured with plethysmography and rhus expressed per unit volume of tissue did not differ between sides [23] . This data implies that the global peripheral resistance which loaded the conduit arteries was 12% lower in the racket arm. The aforementioned simulation by Westerhof et al. [31] indicated that a fourfold increase or decrease in peripheral resistance of the upper limb vvould not substantially affect pulse wave aortic to radial pulse wave amplification. We must, however, consider that peripheral resistance, which measures the extent to which the vascular bed opposes the nonpulsatile component of blood flow, is not the sole determinant of peripheral pressure wave reflection. The latter depends in fact on the impedance mismatch between the distal conduit arteries and the resistance vessels, as measured by the peripheral reflection coefficient, a frequency-dependent quantity. The simulation by Karamanoglu et al. [ 17] indicates a potential high sensitivity of the aortic to radial transfer fonction to changes in the peripheral reflection coefficient in the whole frequency range (that is below 3 H z tao), such that the shape of the radial pulse co uld be affected. The present data ( Fig. 2) indicate that any asymmetry in peripheral wave reflection associated with unilateral muscle training of the upper limb is likel y to be very small and insufficient to cause asymmetry of the radial pulses.
The study was not primarily designed to test for differences in central aortic pressure waveform between athletes and sedentary individuals. However, our results necessitate some comments in that respect. On the basis ofprevious observations by Edwards etal. [34] , endurance training is expected to reduce the augmentation of central systolic pressure due to reflected waves. However, the central systolic Aix did not differ between the two study groups (Table 3 ). An explanation to this discrepancy can reside in the lower heart rate of tennis playe rs (Table 1) , which might have biased the index towards higher val ue s [35] , but this interpretation was not supported when we corrected the ana lys is for such an effect (not shown). Another possibility resides in the sma ll study size, coupled with the large interindividual variation of the central systolic Aix relative to mean values (Table 3 and [34] ), making up for low power to detect differences between groups. However, the radial Alx, which usually tracks its central counterpart [21] , also did not differ between groups despite a much smaller coefficient of variation (Table 3) . A last factor possibly accounting for discordant results between studies might be a higher level of endurance in the trained athletes examined by Edwards et al. (average V02max 65 ml/kg per min, [34] ) relative to the present group of tennisplayers (57 ml/kg per min, Table 1 ).
In comparison with the central systolic Aix, the central diastolic augmentation index was Jess variable (coefficient of variation:::; 50%, Tab le 3) and significantly higher in the tennis players, in comparison with the sedentary individuals. This difference would be consistent with reflected waves reaching the central aorta later, thus predominantly in diastole, due to higher arterial distensibility and lower pulse wave velocity in the former group .
What are the implications of our study? First, we show formally that the noninvasive estimation of central aortic pressure with radial artery tonometry is independent of the side on wh ich pulse recordings are taken. The demonstration has an element of robustness to it, due to the inclusion of individuals with exaggerated asymmetry between the dominant and the nondominant upper limb. To establish this methodological point was quite important, because pulse wave ana lysis is wide ly applied in clinical cardiovascular research. In addition, the potential usefulness of central diastolic augmentation as a further index of arterial distensibility warrants further studies.
